Influence of temperature dependence of solubility for each phase on kinetics of reactive diffusion has been theoretically analyzed for a hypothetical binary system consisting of two primary solid-solution phases ( and ) and one compound phase (). For the analysis, we consider that the phase is produced owing to the reactive diffusion between the and phases in a semi-infinite diffusion couple and the growth of the phase is controlled by volume diffusion. In such a case, the parabolic relationship holds good between the thickness l of the phase and the annealing time t as follows: l 2 ¼ Kt. Here, the parabolic coefficient K is mathematically expressed as a function of the interdiffusion coefficients and the solubility ranges of the , and phases. The temperature dependencies of the parabolic coefficient K, the solubility range Áy and the interdiffusion coefficient D of the ( ¼ ; ; ) phase are described by Arrhenius equations of
Introduction
Intermetallic compounds appear as stable phases in many binary alloy systems. 1) When a diffusion couple is prepared from two different pure metals in such a binary system and then isothermally annealed at an appropriate temperature T, some of the compounds may be observed as layers at the interface between the two metals after certain periods due to reactive diffusion. For various alloy systems, the kinetics of the reactive diffusion was experimentally studied by many investigators. When the reactive diffusion is controlled by volume diffusion, the total thickness l of the compound layers is mathematically expressed as a function of the annealing time t by the parabolic relationship l 2 ¼ Kt. The parabolic coefficient K is usually described as a function of the temperature T by an Arrhenius equation of K ¼ K 0 expðÀQ K =RTÞ, where R is the gas constant. The pre-exponential factor K 0 and the activation enthalpy Q K can be evaluated by the least-squares method from experimental values of K obtained at different annealing temperatures. Most of the experimental studies indicate that the temperature dependence of K is reasonably expressed by the Arrhenius equation within experimental uncertainty. Thus, we may expect that the Arrhenius equation of K provides representative properties of the interdiffusion in the diffusion couple. However, complex information of the temperature dependencies of the solubility ranges and the interdiffusion coefficients of the relevant phases is included in K 0 and Q K . Consequently, such derivation is not so straightforward.
The reactive diffusion controlled by volume diffusion was theoretically analyzed using a mathematical model in a previous study. 34) In that analysis, a hypothetical binary alloy system composed of one intermetallic compound and two primary solid-solution phases was treated, and then the growth rate of the compound layer was evaluated for various semi-infinite diffusion couples initially consisting of the two primary solid-solution phases. That mathematical model was also used to analyze numerically the relationship between the temperature dependence of the interdiffusion in each phase and the kinetics of the reactive diffusion. 35) In the numerical analysis, the temperature dependence of the interdiffusion coefficient D was expressed by an Arrhenius equation of D ¼ D 0 expðÀQ D =RTÞ, and the following assumptions were adopted: (a) the molar volume, the solubility range and the pre-exponential factor D 0 are constant and equivalent for all the phases; and (b) the activation enthalpy Q D is equivalent for the solution phases but different between the compound and the solution phase. According to the numerical analysis, the equation K ¼ K 0 expðÀQ K =RTÞ is reliable enough to express the temperature dependence of experimental values of K but not completely exact. If Q D is smaller for the compound than for the solution phases, Q K is close to Q D of the compound. In this case, the temperature dependence of K corresponds well with that of D of the compound. Such a relationship no longer holds good unless Q D is smaller for the compound than for the solution phases. In order to examine whether these conclusions are universally valid, assumption (b) was eliminated in previous numerical analyses. 36, 37) Nevertheless, attention was focused on the relationship between the temperature dependency of the kinetics and those of the interdiffusion coefficients of the constituent phases. As a consequence, assumption (a) still remained in these numerical analyses. Under such conditions, the validity of the relationship between Q K and Q D could be confirmed conclusively. 36, 37) Many intermetallic compounds in binary alloy systems are line compounds.
1) For such a line compound, the solubility range is constant independently of the temperature. Even in such a binary system, the solubility range of the primary solid-solution phase may vary depending on the temperature. Furthermore, there are various binary alloy systems where the solubility range changes depending on the temperature not only for the primary solid-solution phase but also for the intermetallic compound. In this case, the temperature dependence of the solubility range as well as that of the interdiffusion coefficient will influence the kinetics of the reactive diffusion. Hence, in a previous study, 38) the influence of the temperature dependence of the solubility range on the kinetics was quantitatively analyzed for the reactive diffusion in the hypothetical binary system. For the analysis, Arrhenius equations were used to express the temperature dependencies of the solubility range and the interdiffusion coefficient. However, only limited combinations of the enthalpy of solution were adopted for the intermetallic compound and the primary solid-solution phases, and thus the influence could not be confirmed conclusively. In the present study, the analysis has been extensively carried out for various combinations of the enthalpy of solution. However, there exist too many parameters determining the kinetics. Thus, for simplicity, the same temperature dependence of the interdiffusion coefficient has been assumed for all the constituent phases. Even under such simplified conditions, valuable conclusions were drawn from the analysis.
Analysis
A hypothetical binary A-B system composed of one intermetallic compound and two primary solid-solution phases was considered in previous studies. [34] [35] [36] [37] [38] The phase diagram of this binary system is represented in Fig. 1 . 34) In this figure, the ordinate shows the temperature T, and the abscissa indicates the mol fraction y of element B. The and phases are the primary solid-solution phases of elements A and B, respectively, and the phase is the compound. The same binary system was adopted in the present study. Now, we consider a semi-infinite diffusion couple consisting of the and phases with initial compositions of y 0 and y 0 , respectively. The semi-infinite diffusion couple means that the thickness is semi-infinite for the and phases and the / interface is flat. In such a diffusion couple, the interdiffusion of elements A and B takes place unidirectionally along the direction perpendicular to the flat interface. This direction is hereafter called the diffusional direction. When the diffusion couple is isothermally annealed at T ¼ T 1 for an appropriate time, the phase will be produced as a layer at the interface due to the reactive diffusion between the and phases. If the local equilibrium is actualized at each migrating interface during annealing, the compositions of the neighboring phases at the interface coincide with those of the corresponding phase boundaries at T ¼ T 1 in the phase diagram of the binary A-B system indicated in Fig. 1 . In this case, the migration of the interface is governed by the volume diffusion in the neighboring phases. According to the phase diagram in Fig. 1, y and y are the compositions of the and phases, respectively, at the / interface, and y and y are those of the and phases, respectively, at the / interface. The compositions y , y , y and y provide the boundary conditions, and those y 0 and y 0 give the initial conditions.
If the reactive diffusion is controlled by the volume diffusion, the positions z and z of the = and = interfaces are expressed as functions of the annealing time t by
and
respectively. 39, 40) In eq. (1), D , D and D are the interdiffusion coefficients for volume diffusion in the , and phases, respectively, and K , K , K and K are dimensionless coefficients. The difference between z and z is equal to the thickness l of the layer, and hence eq. (1) deduces the following relationship describing l as a function of t.
Here, K is the parabolic coefficient defined as
The dimensionless coefficients are related to the initial and boundary conditions as follows:
Here, c is the concentration of element B measured in mol per unit volume. The initial and boundary conditions are indicated with the concentration c in eq. (4), but shown with 
According to eq. (5), only two of the four dimensionless coefficients are independent. In the present analysis, K and K are chosen as the independent variables. Insertion of eq. (5) into eq. (4) results in two independent equations. Consequently, the two independent variables are finally determined from the two independent equations. Inserting the values of K and K into eq. (3), we obtain the parabolic coefficient K.
and D through eqs. (4) and (5), K is a function of these nine parameters.
Results and Discussion
As already mentioned in Section 2, the composition is indicated with the mol fraction y in Fig. 1 but with the concentration c in eq. (4). However, y is readily converted into c by the equation c ¼ y=V m , where V m is the molar volume of the relevant phase. According to the analyses in previous studies, [34] [35] [36] [37] [38] the following assumptions have been adopted also in the present study: (A) V m is independent of the composition; and (B) V m is equivalent for all the phases. (5) for given values of y 0 , y 0 and y 0 . Therefore, there are too many parameters determining the value of K. In the present study, however, attention is focused on the relationship between the temperature dependency of the kinetics and those of the solubility ranges of the constituent phases. Hence, in order to simplify the analysis,
were used for the , and phases. With these parameters, K was numerically calculated as a function of T from eqs. (3)- (5) at T ¼ 700{1000 K. The temperature dependence of K is expressed by the following equation.
The pre-exponential factor K 0 and the activation enthalpy Q K in eq. (9) were calculated in a manner similar to previous studies. [35] [36] [37] [38] On the basis of the calculation, dependencies of K 0 on Q and Q were evaluated for various values of Q . The results are shown as solid curves with constant values of Q ¼ 0{50 kJ/mol in Fig. 3 . In this figure, the abscissa indicates Q , and the ordinate shows the logarithm of K 0 . Figure 3 
Thus, the effects of Q and Q on the temperature dependence of K are equivalent each other. As a result, K 0 monotonically decreases also with increasing value of Q at a constant value of Q . On the other hand, at Q ¼ 10 kJ/mol in Fig. 3(b) , K 0 takes values around 1 Â 10 À4 m 2 /s. Also in this case, however, K 0 monotonically decreases with increasing value of Q or Q . Such dependencies of K 0 on Q and Q are realized also at Q ¼ 20{50 kJ/mol in Fig. 3(c)-( Fig. 4(a) , Q K is exactly equal to 50 kJ/mol for Q ¼ Q ¼ 0 kJ/mol. As already mentioned in Section 1, the relationship between the temperature dependency of the kinetics and those of the interdiffusion coefficients of the constituent phases was numerically analyzed for a constant solubility range of each phase in previous studies. [35] [36] [37] According to that analysis, Q K completely coincides with [35] [36] [37] This is just the case for the solid curve with Q ¼ 0 kJ/mol at Q ¼ 0 kJ/mol in Fig. 4(a) . However, Q K gradually decreases with increasing value of Q or Q . This means that the temperature dependence of the solubility range violates the conclusions drawn in previous studies. [35] [36] [37] Although Q K is smaller than Q D at Q > 0 kJ/mol or Q > 0 kJ/mol, the difference between Q K and Q D is rather small. On the other hand, at Q ¼ 10 kJ/mol in Fig. 4(b) , Q K is greater than Q D even at Q > 0 kJ/mol or Q > 0 kJ/mol, and takes values around 60 kJ/mol. According to Fig. 4(c), (d) , (e) and (f), Q K is rather lose to 70, 80, 90 and 100 kJ/mol at Q ¼ 20, 30, 40 and 50 kJ/mol, respectively. Compared with the dependency of Q K on Q , those of Q K on Q and Q are less remarkable. Therefore, it is concluded that Q K is predominantly determined by the summation of Q D and Q . In order to examine the relationship between Q K and the summation Q D þ Q , the ratio r K is defined by the following equation. 
In such a case, the temperature dependency of the parabolic coefficient K is directly determined from those of the solubility range Áy and the interdiffusion coefficient D for the phase. In contrast, at Q ¼ 10 kJ/mol in Fig. 5(b Fig. 5(c) , however, the intersection exists for the solid curves with Q ¼ 0, 10, 20, 30 and 40 kJ/mol but not for that with Q ¼ 50 kJ/mol within Q ¼ 0{50 kJ/ mol. The intersection disappears for the solid curves with Q ¼ 30{50 kJ/mol at Q ¼ 30 and 40 kJ/mol in Fig. 5 (d) and (e), respectively, and for those with Q ¼ 20{50 kJ/mol at Q ¼ 50 kJ/mol in Fig. 5(f) . For the solid curve without the intersection, r K is always smaller than unity. In such a case, there is no combination among Q , Q and Q to realize the relationship
. Even in this case, however, the difference between Q K and Q D þ Q is rather small, and thus the summation Q D þ Q approximately represents the temperature dependence of the parabolic coefficient K. A close relationship between Q K and Q D þ Q was experimentally observed by Taguchi et al. 15) As mentioned earlier, the relationship between the temperature dependency of the growth rate of the compound and those of the interdiffusion coefficients of the constituent phases was numerically analyzed for a constant solubility range of each phase in previous studies. [35] [36] [37] That analysis indicates that Q K is equal to Q 
Conclusions
The influence of the temperature dependence of the solubility range on the kinetics of reactive diffusion was theoretically analyzed for the hypothetical binary system composed of one compound phase () and two primary solidsolution phases ( and ). The growth rate of the phase during reactive diffusion in the semi-infinite diffusion couple initially composed of the and phases was expressed as a function of the solubility ranges and the interdiffusion coefficients of the , and phases using the mathematical model reported in a previous study.
34 ) The temperature . In the case of the reactive diffusion governed by volume diffusion, the square of the thickness l of the phase is proportional to the annealing time t as l 2 ¼ Kt. The temperature dependence of the parabolic coefficient K was described by an Arrhenius equation of K ¼ K 0 expðÀQ K =RTÞ, and then the pre-expo- nential factor K 0 and the activation enthalpy Q K were evaluated for various combinations of Q , Q and Q . Both K 0 and Q K are monotonically increasing functions of Q but monotonically decreasing functions of Q and Q . At Q ¼ Q ¼ Q ¼ 0 kJ/mol, Q K is exactly equal to Q D . In such a case, representative properties of the interdiffusion in the phase may be derived from the temperature dependence of the parabolic coefficient K. As Q or Q increases, however, Q K becomes smaller than Q D . In contrast, at Q ¼ 10{50 kJ/mol, Q K is greater than Q D even at Q > 0 or Q > 0. Under such conditions, there exist combinations among Q , Q and Q to realize the relationship
This relationship is reasonable approximation in the wide ranges of Q , Q and Q under the present conditions. Combining the results in previous studies [35] [36] [37] with those in the present study, it is concluded that Q K is close to Q 
